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NOTICES /

When Govermment drawings, specifications, or other data are used for
any purpose other than in connection with a definitely related Government
procurement operation, the United States Government thereby incurs no
responsibility nor amy obligation whatsoever; and the fact that the Government
may have formulated, furnished, or in any way supplied the said drawings,
specifications, or other data, ic not to be regarded by implication or other-
wise as in any manner licensing the holder or any other person or corporationm,
or ~onveying any rights or permission to manufacture, use, or sell any patented
invention that may in any way be related thereto.

Qualified requesters may obtain copies of this report from the Defense
Documentation Center (DDC), Cameron Station, Bldg. 5, 5010 Duke Street,
Alexandria, Virginia, 22314, The Distribution of this report is limited
because the report contains technology ideatifiable with items on the
strategic embargo lists excluded from export or re-export under U'.S. Export
Control Act of 1949 (63 STAT. 7), as amended (50 U.S.C. App. 2020.2031), as
implemented by AFR 400-10.

Copies of this report should not be returned to the Research and
Technology Division, Wright-Patterson Air Force Base, Ohio, unless return
ie required by security consideratioms, contractual obligations, or notice
on a specific document.
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ADSTRACT

A state-of-the-art review of the joining of crystalline ceramic parts
to metal parts is presented. This study was undertaken to evaluate the
current status of ceramic-met2l! joining, particularly in relation to its
advancement in t. e past dezade, and to develop unifviung principles which
could lead to mere effective joining techniques. 7The mechanical aund
chemical methods used irn the fabrication of structural and electrorvic
components, with aud without hermetic requirements, were considered in-
cluding the geuneral requiremesis and limitations of the components without
regard to specific areas of uwtility.

All major facets of the technology were covered under joining techaiques,
materials, apparatus, theories and test methods. Background information
was obtaived from an extensive survey of domestic and foreign literature
and from field research based on a questionnaire survey and personal inter-
views. On the basis of the irforwation collacted, each major aspect of the
technology is critically 1¢viewed and recommendations for future improvements
are advanced in this report.
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1., Introduction

1.1 Purpose and Scope

The purpose of this report is to review the state-of-the-art of
ceramic-to-metal joining technology as it exists tc-'ay, particularly in
relation to the advances made during the past decade. All major facets of
parmanently joining metal parts to crystalline ceramic parts have been
assessed in the light of the deficiencies, the present needs, and the future
technological requirements. Methods of joining, whether by solid or liquid
phase bonding or by prior metallizing, are described and discussed. Appli-
cations of the various fabricating methods have been delineated in relation
to the areas of utility rather than in terms of specific products. The
present status and needs in materials are surveyed for' the major metal and
ceramic components and for the accessory materials which are used to effect
a joint. The equipment and apparatus used for ceramic-tc-metal joining are
examined in general terms in relation to the effectiveness and efficiency
with which it is utilized. Test methods used to determine the integrity and
reliability of ceramic-metal joints are described and critically surveyed
for adequacy. The nature of the bond between ceramics and metals is reviewed
as a basis for a critical examination of the existing specialized explanmations
of ceramic-to-metal bonding. Throughout the study, emphasis was placed on
the formulation of unifying principles on which new ~dvances could bes mounted,
Information was collected from such related fields as coatings, cermets,
granular and fibrous dispersions and glass-to-metal sealing even though these
fields, per se, are not discussed in this report,

Although ceramic-to-metal joining has seen application ir electronic
and electrical compoaents, in aerospace and naval structures, in machine
tooling, and in many other fields, the technology as applied to electromics,
primarily, and to aerospace, to a lesser degree, was most frequeantly encoun-
tered in this survey and therefore has been stressed in :his report. This
is not to imply that the other areas of application are unimportant or of
only passing interest. Rather, the technology of ceramic-to-metal joining
was begun, developed and found its greatest usage in the electrical/electronic
industry. The applications to other spheres of endeavor have been, by and
large, adaptations of the basic joining prin~ipals which had been successfully
used and proven by the electrical/electronics industry. Iu some cases, an
extension of these principles to more severe environments cr more exotic
requirements has advanced the state-of-the-art beyond the more common require-
ments.

1.2 Approach

This report is the product of an extensive literatur« search of
American and foreign technical articles, patents, and Govermmeant reports.

Manuscript released by the authors April 30, 1965, for publication as a
WADD Technical Report.




The literature retrieval was performed by library personnel at Texas
Instruments Incorporated and was accomplished by searching abstract sections
of =cientific journals, engineering indexes, and iistings of Govermment
reports. Early in this program it bccame apparent that five sources supplied
a nearly complete coverage of ceramic-to-metal joiniag references for the
past decade. These are:

Ceramic Abstracts (American Ceramic Society)

British Ceramic Abstracts (British Ceramic Society)
Chemical Abstracts (American Chemical Society)
Metallurgical Abstracts (Institute of Metals-British)
Nuclear Science Abstracts (U.S.Atomic Energy Commission)

Searching for earlier publication, therefore, was concentrated on these
sources. Government reports were cross-checked by searching Scientific and
Technical Aerospece Reports and the Technical Abstract Bulletins of Defeunse
Documentation Center, A computer search of reports of Government-sponsored
investigations in the field of ceramic-to-metal joining was conducted by
Defense Documentation Center. The search covered both unclassified and
classified (to the level of Secret) literature. Nothing of a classified
nature, however, is contained in this report. Abstracts of more than six
hundred technical articles, an equal number c¢f patents, and about three
hundreé and fifty Goverument reports were examined for pertinency and
approximately seventy-five per cent of the cowplete documents were ctudied.

Early in the program a questionnaire was sent to approximately
three hundred individuals who were engaged in ceramic-to-metal joining pro-
duction, application, development, or research, requesting information on
joining and test methods. Forty-three per cent of the questionnaires were
completed and returned, many with expansive appended notes on processes and
test methods or comments on the state-of-the-art. Unpublished articles and
preprints of recently written papers were generously volunteered with many
returned questionnaires. Based on the questionnaire returns, a series of
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& informal talks with many individuals prominent and knowledgeable in the
= field were held. Time and budget limits imposed restrictions on the personal
= interview phase of the program and no attempt was made to gather the opimious
g%i of more than a small percentage of the users, producers, and investigators
ég in the field. Although many persons of prominence had ro opportunity to
Bl present their views, it is felt that the persons interviewed represent a
- good cross-section of opinion on the state-of-the-art of ceramic-to-metal
£;3 joining. Information from the questicnnaires and interviews was used

throughout the report but has not been tabulated or referenced outside of
the bibliography.

1.3 Organization of the Report

i e ]}%% f&
S M A

:

Throughout the literature and field research, iunformation was cc?-
lected and categorized into five important aspects of ceramic-to-metal join-
ing, These categories have been used for the basis of this report as follow::

5

5

S

3 a. Methods of fabrication, whether applisd to production methods
or laboratory techniques.
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b. Design and materials considerations, as general classifications
rather than specific products,

c. Equipment, described as the types of apvaratus utilized and its
function,

d. Testing methods, as gensral principles rather than specific
procedures,

e. Theory of joining, considered on the basls of present special-
ized explanations of ceramic-to-metal joining and the more fundamental expla-
nations of interatomic bonding.

The order in which thes= topics are discussed is not a reflection
of their importance but rather a logical way of presenting the informatiom.
In each case, a list of references to published literature which is directly
related to the discussion is provided, rather than a compilation of an exten-
sive bibliography of all the material which was surveyed. References,
especially to fabrication processes, are typical and give ample descriptioms
of the subject being discussed and are not necessarily cited as the classic
documents in the particular field.
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2. Methods of Fabrication

2.1 General and Historical

On June 20, 1939, four U.S, patents(l) were issued to Pulfrich and
Magner of Germany, relating to ceramic-to-metal seals. These patents were
assigned to the General Electric Company but if any notice was made of their
existence, no serious acticn was taken on their development outside of Germany,
Approximately six and a half years later, the office of Military Government
for Germany (U.S.) released a report(z) which detailed the development and
production work which had been carried out on practical ceramic-to-metal
vacuum tubes by Pulfrich and his group in Germany in the closing years of
World War II. This repor%: provided the impetus for a series of investigative
programs aimed at duplicating and improving the process of ceramic-to-me:al
joining. During this ?eriod, the work of Bondley,(3) Nolte and Spurck,ké)
Pearsall and Zingeser, 3) Wellinger,(ﬁ) and others provided the groundwork
for the ceramic-to-metal joining processes which are being used in a large
segment of the industry today. In April 1953 a Sympesium on Ceramics and
Ceramic-Metal Seals, sponsored by the Research Development Board, was held
at Rutgers University, New Brunswick, N. J. The collected papers of this
meeting were published in Ceramic Age magazine in 1954(7) and represented
the state-of-the-art as it existed at the mid-point of the last decade.

The period from the mid-fifties to the mid-sixties can perhaps be
termed the "coming of age" of ceramic-to-metal joining. Processes were
taken out of the research and development arecas and applied as production
methods, New methods, as typified by the reactive alloy seals develoved by
Beggs(s) and Wisser and Hagadorn,(9 evolved from the existing techniques.
More thought was given to the mechavisms of ceramic-to-metal joining as bond
theories were sought. An awareness of the necessity for control of materials,
processes and finished products grew as requirements for more and better
joined assemblies increased. Aerospace applications and increased reliabil-
ity requiremeunts spurred research into new methods of joining such that .nany
reliable joining methods exist today.

2.2 Joining Systems

Methods of obtaining an intimate, permanent joint between a metal
member and a ceramlc member can be divided into three systems. As in any
such attempt to classify subjects, the boundary lines are not absolute.
These three systems will, for the sake of simplicity, be termed solid phase
joining, liquid phase joining, aud metallizing, {(Refer to Table 1)

2.2,1 Solid Phase Joining

In this system, initial contact between the members is
cbtained mechanically but final, intimate, free-standing contact remains
after the mechanically-induced forces are rewmoved.

2.2.1.1 H.%-Press Bonding

A cuprous oxide coated copper sheet in contact
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with steatite ceramic is held under 3000 psi pressure for 10 seconds at
1000°C 3a pure nitrogen or aydrogen. Vacuum tight joincs are claimed
puicible by this method. Nu strength values for the seal were reported but
extrapolatior. of data to the parameters of fabrication indicates tensile
strengths of 4100 psi. No known commercial applicatiou of this method has
beeun pursued.

2,2.1,2 Graded-Powder Bonding

4 ceramic-to-metal joint is formed by prassing
together layers of ceiramic powder and metal powder and sinteriug the com-
posite.(lo’ll’lz) The layers can be formed with pure ceramic and pure metal
ccmponents or may be graded between pure ceramic on one end, through layers
of high ceramic-low metal, equal ceramic and metal, and low ceramic-high
metal to pure metal. Vacuum tightness has been shown to be possible with
this method.(11) No information is available on the strength of such a
strvcture, This type of joint is aot manufactured on a commercial basis.

2,2,1.3 Gas-Pressure Bonding

The conponentt to be bonded are fabricated to final
size and assembled in a disposable thin-wallad metal container., The con-
talner is evacuated, sealed, and placed inside a high-pressure gas autoclave
and high external gas pressure is exerted at an elevated temperature.(l3)

The method is particularly advantageous in the pro-
duction of complex shapes and in achieving close dimensional control vhen
dissimilar materials are joined. The equipment cost is high and the iime at
pressure and temperature is long. This process is a development of Battelle
Memorial Institute and is not known to be used in any other establishment
for ceramic-to-metal joining at the present time. It has been used for the
production of flat-plate compartmented fuel cells with significant success,

2.,2.2 Liquid Phase Joining

Intimate joining is accomplished through a transient liquid
phase. Such a phase could result from a melting of a portion of the metal
member or the ceramic member or melting of part or all of an intermediate
member. It could also be the result of interactiors between any two or all
three of the elements,

2,2,2,1 Active-Metal Brazing

Three slightly different methods, with similar end
results, typify the gencral category of active metal seals, In each case
the active metal, such as titanium, is added to a braze alloy system which
is normally inert and nonwetting on the ceramic in order to promote wetting
and/or bonding. The brazing is carried out in a vacuum,
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a, Hydride Method.(3’5) The joint area of the
ceramic is painted with a slurry of the hydride of an active metal (titanium
is most commonly used,(3) although zirconium, columbium, and tantalum
hydrides have been successfully tested).(5) The metal wember is assembled
adjacent to the ceramic with a ring or shim ~ braze material., The assembly
is heated in vacuum to reduce the hydride to che pure active metal. The
active metal alloys with the braze material and bonds the ceramic and metal
members together,

b. Active-Metal Method. The active metal is
incorporated with the braze material, either as an alloy or as the core of
a braze material,(5,14,15) During brazing, the molten braze material dis-
solves enough of the reactive metal to wet the cer~mic and crzate a strong
boud.

¢, Active-Alloy Method. The active alloy ie used
as a shim between the ceramic and a metal member.(8.16) The metal member
must form a molten alley with the active metal, The active metal may also
be used as the structural metal part of the joiant, in which case the alloying
metal shim is placed between the active metal part and the ceramic.

The active metal method of joining ceramics to
metals is widely used in research and production for reliable joining in
both hermetic and nonhermetic applications. Its main advantage is in its
simplicity. The hydride process has largely been supplanted by the active
alloy process which requires only the azsembly and jigging of pre-cleaned
parts and a single vacuum firing at 10™* to 10-2 torr. The disadvantages
stem from the close control of processing requirad and the need for vacuum
firing. Time and temperature during processing must be closely controlled
bv visual observation to prevent overrun of the braze materials onto unwanted
areas. The proportions of active metal to alloying metal musi be selected
within a narrow range to prevent brittle alloy formation, The requirement
of vacuum processing precludes the practicability of a continuous production
method at the present time, Continucus vacuum furnaces are available but
their present high cost obviates their use for this application. A consea-
sus of opinion accords the strength of an active metal joint a slightly
lower value than a joint made with refractory metal coatings (discussed
under sectiom 2.2.3,1), although no direct comparisons of the two types of
sealing methods are kaown to exist.

2,2,2,2 Electron-Beam Welding

Ceramic and metal parts are fused together directly
under a high intensity focused beam of electrons, This method has been in-
vestigated with only limited success. Tab welding to micromodule subsirates
has been shown to be feasible{1l7) but welis larger than spot welds are sus-
ceptible to massive cracking.
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2,2,2,3 Glass Soldering

Ceramics are joined to metal through an intermediate
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layer of glass.(18) Svch a joint has an advantage over the glass-metal
counterpart since the ceramic member, which is not melted during the sealing
operation, will provide dimensional control to the structure. The maximum
operating temperature and strength of the assembly, however, will be limited
by the softening point and tensile weakness of the glass.

2.2.2.4 (Ceramic Brazing

The ceramic is fused to a metal member by melting
a2 suitable oxide eutectic between tne mating parts.(19) This process is
somewhat specialized in that ils greatest usefulness is for joints which
must withstand service temperatures above 1500°C. The ceramic may be coated
with a cermet composition before fusion or may be joined directly to a metal
with the eutectic composition, No effort beyond research and developmeat
has beea expended on this method but the limited results have been impressive.
One 99% alumina has been sealed cuccessfully to tantalum, niobium, molybdenum,
and tungsten with an alumina-yttria eutectic fusion. Alumina-molybdenum butt
seals have withstood fifteen ninety-minute thermal cycles between 500° and
1500°C and remained vacuum tight. A similar seal remained vacuum tight after
1200 hours at 1300°C.

2,2,2.5 In Situ Ceramic Firing

A eutectic of manganese pyrophosphate and magnesium
oxide is used as a binder for magnesium oxide and as a sealant for metal con-
ductors. The eutectic ig combined with Mg0 in the ratio of 30:70, is pressed
around a metal pin and is sintered at 1180°C for 30 minutes to form a vacyum
tight joint. The sinteriug can be carried out in air, argon, and vacuum,

This method of joining is still in the development
stage, although the feasibility of the method has been proven. Further work
is contemplated with BeO replaciang MgO. It provides a truly one-step joiming
method, in that the seal is made simultaneously with the sintering of the
ceramic body, WNickel-iron alloys, stainless steel, and platinum seals have
been accomplished. Because of the firing shrinkage of the ceramiz body,
joints with metal on the outside circumference of the ceramic caunnot be
accomplished with the initial pressing and siantering. Such seals can be
effected in a subsequent operation by coating the interface between cerzamic
and metal with the eutectic composition, assembling, and refiring.

2.,2,2,6 In Situ Glass Devitrifying

Joints are made by conventional glass-to-metal seal
manufacturing methods, The completed assembly is heat treated to a predeter-
mined temperature-time schedule, at which point nucleation and crystallization
of the glass occurs.(21:22)  Emrich(23) has provided a comprehensive, up-to-
date review of devitrified ceramics which includes a historical introduction,
a review of the phenomena of nucleation and crystal growth, an appraisal of
the state-of-the-art and an extensive bibliography.
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The potential advantages of such a systzm of ¢
ducing ceramic-to-metal joints are many. Manufacturing processes, usintg
conventional glass working equipment, would be highly autcmated and the urit
cost could be expected to be much lower than conventional ceramic-metal joints.
Physical and electrical properties, particularly thermal expansion coeffi-
cients, could be waried over a wide range and closely countrolled to match
requirements, One crystallized preduct is claimed to be stable ia reducing
atmospheres, which would permit subsequent assembly brazing operations.<21)
The process is not known to be in commercial use in this country.

2,2.3 Metallizing
A thin metal layer is applied to the ceramic member via a
solid, liquid, or gas phase. A metal member can be attached to the metal
layer in a subsequent operation by various metal-to-metal joining methods.

2.2.3.1 Refractory-Metal Powder Coating

Refractory metal powders are mixed with reactive
powders to form a paste or suspension., This ic applied in a pattern to a
ceramic and then sintered at a high temperature in a controlled atmospherea.
The resulting conductive layer is electroplated with an easily wettable
metal and the electroplate layer is sintered. The metallized ceramic can
then be brazed or soldered to a metal member.(1s4) This procedure is the
most widely used in the industry today. Pulfrich set down the basic param-
eters for this process in his patent.(l) These parameters are valid today
in spite of the vast modifications and improvemsnts to ths method. A high
level of strength and vacuum tightness can be achieved by the sintered metal
process and this method of joining is rot critically sensitive to processing
variables when compared to the active metal process. An uninterrupted, con-
tinuous process is possible and is, in fact, practiced where volume require-
ments dictate. Automation has beea successfully introduced into some steps
of manufacture.(2 The method, however, is a multi-step operation requiring
several long atmosphere firing operations. The initial sictering of the
refractory metal coating to the ceramic requires a high temperature, usually
beyond the range of the couventional brazing furnace.

2.2.3.2 Metal/Glass/Powder Coating

A finely divided mixture of metal powders and glass
frits, suspended in an organic vehicle, is applied to the ceramic and fired
to cause adherence of the glass to the metal powder and the ceramic. The
metal member 1s subsequently soft soldered to *he exposed metal powcer 1ayer.<25)

This process is usually used in non-vacuum tight
applications where requirements for strength and temperature capsbilities
are not high but where low cost per unit 1s a factor. It is widely used for
the attachment of stand-off insulaters between components in elactrical
systems and for attaching lead tabs on insulating surfaces.

O
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2.2.3.3 Metal/Metal-Oxdide Powder Coating

Finely divided silver and/or copper and the cxide
of copper, suspended in a vehicle, are applied to a ceramic and air fired
to drive off the vehicles and cause chemical combination of the metal oxide
and the ceramic., The coated ceramic is then reduction fired to produce a
pure metal (.'oatim;r,.(2 This process is used in the same applications as
metal powders in glass frits (section 2.2.3.2).

2.2.3.4 Refractory-Metal Salt Coating

Ceramics are immersed in a solution of a vefractory
metal salt., After drying, the pieces are sintered so that the metal salt is
reduced to metal which bonds to the ceramic leaving a thin, adherent layer
of metal on the surface of the ceramic. This metal layer is plated and the
ceramic-metal joint can be made by brazing., The sintered metal layer must
be ground off the areas in which insulation is desirable.(27,28)

This method was originally developed and has been
used for ceramic-metal tube programs. Vacuum tight joints can be achieved
by this method and strengths are sufficient for the application, This process
is advantageous in metallizing the inside diameter of small lead-through holes.

2.2.3.5 Refractory-Metal-Oxide Powder Coating

This process is similar to the Refractory-Metal
powder Coatings. The refractory metals are applied as oxides instead of in
elemental form., Lower sirtering temperatures can be used. 29

Th2 use of refractory metal oxides in place of the
elemental metal is not new..30,31,32) 1Its desirability lies in the possi-
bility of a low temperature firing of the metal coating, nickel coatiag, and
braze raterial in a single operation to effect a seal. The degree of success
has not been sufficient to make noticeable inroads into the higher temperature,
multi-fire method.

2,2.3.6 Condensed Vapor Coating

A very thin metallic coating is applied by the
volatilization of a metal and its deposition onto the ceramic, 33,34)
Many different methods of volatilizing the metal are possible which ianclude:

1) Heating of a metal beyond its boiling point.

2) Breakdown of a compound to yield elemental meial.
3) Exploding wire or foil technigues.

4) Ion bombardment.

5) Plasma spray coating.

Much interest is being shown in this method of metal-
lizing ceramics. A very thin, tenacious coating is possible without exces-
sively heating the ceramic member. By masking techniques, the area of coating
can be controlled. The process can be accomplished with relatively inexpen-
sive equipment in a short time operation,

10
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2.2.4 Metal to Metallized Layer Joining

Joining of the metal member to the metallized ceramic is
usually accomplished by conventional brazing or soldering. However, other
techniques have been developed or applied for specialized applications to
effect the final joint between ceramic and metal. Diffusion bonding, ultra-
sonic joining, and electroferming have been used for this purposa.

2.,2,4.1 Diffusion Bonding

A metal ard a metallized ceramic, with or without
an interlayer of another metal, are pressed together below the melting
temperature of any of the components but above their recrystallizaticn
temperature. The combination of temperature, pressure, and time promote
plastic defermation of the metals and intimaie contact of the surfaces.(lz’gs)
This process can be applied to high temperature service joiats which can be
formed at temperatures below the melting point of any 2f the compoaents,

2.2,4,2 Ultrasonic Joining

A metal and a metallized ceramic are joined by
introducing high-frequency vibratory energy into the overlapping pieces.,
A brief transmission of this energy into the work-piece under moderately
iow static force wiil produce a sound metallurgical bond.

This method of joining has been used in the sealing
of transistor packages in an application in which the presence of a flux was
detrimental to the operation of the device.(3®) 1t consisted of the solder-
ing of a metallized ceramic to a brass cap with an interlayer of solder,

2.2.4.3 Electroforming

The metal and metallized ceramic parts are stacked
on a jig and, after electrical contact is made to the surfaces to be joired,
the assembly is electropla?ed for a period of time sufficient to bridge the
gap between the two parts. 37) A method is thus provided which will allow
the joining together of components at room temperature. With proper pro-
cessing, a coating 0.008 inches thick can be built up in 24 hours. The
joint is claimed to be vacuum tight., The assembly can subsequently be
baked and outgassed.

2.3 Fature Advances

The present high cost of ceramic-to-metal joints, particularly in
comparison with glass-to-metal seals for electrical/electronic applications,
is probably the biggest factor in a continuing search for manufacturing pro-
cess simplification that will result in a reliable ceramic-to-metal joimt.
It is the policy of the device manufacturer to employ glass-~to-metal seals
up to the limits of their usefulress rather than accept the considerably
higher cost of ceramic-to-metal seals to attain higher reliability. Wider
substitution of ceramic for glass will occur in proportion to the reduction

11
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of the cost difference betwe.n the two joint types. Future advances, based
on cost reduction and the resultant wider use, can be expected from the
following areas:

1) Improvement and simplificaticn of existing processes.
2) Development of reseatch technijues to useable production methods.

In the first area, improvement and proceseing simplification will have to

be significant, Methods of vapor depositin.z metallizing coatings on ceramics
are being studied and it is probable that a production method w .11 be realized
in the near future. The Signal Corps contract to juvestigate low temperature
refractory metal-to-ceramic seals 2 may result in a one-fire method of join-
ing with refractory metal coatings. The use of glass which devitrifiex to a
stable ceramic(2l) has received sparse attention in racio to its possibilities
for a low cost ceramic-to-metal joint. A reliabie &°*ve metal seal which

can be sccomplished in a won-vacuum atmosphere and wuich is pot sensitive to
mincr processing variations will result in a product that will be more econom-
ically competitive with glass-to-metal seals. Known methods of joining which
were disclosed in the literature in the early 1950's, such as reported by
Wellinger\6) and Bender, but which are not being utilized today caa be
re-examined in the light of present technology. It is possible that, with
some modifications, useable processes can be realized.

Cost reduction has been stressed in the fcregoing paragraphs.
Quality improvement is considered of lesser importance for wider acceptance
of conventional ceramic-to-metal joints. Reliable joiots, with ample temp-
erature and strength characteristics for most electrical and electronic
applications, are attainable with the present methods of manufacture. In
aerospace applications, where quality and reliability are considered of
primary importance, the greatest advances c2u be expected in improved mnte-
rials and quality control, rather than in improved joining methods.

12
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3, Design and Materials Considerations

3.1 Design
3.1.1. General

The design of ceramic-to-metal assemblies has been reviewed
periodically in trade journals, Cronin(38§ in 1956 traced the development

of ceramic-to-metal seals and described typical joints in terms of materials,
geometry, and braziag practice. He described s»wecific tests for the evalu-
etion of ceramics and the measurement of bond strength and outlined the stress-
strain relationship ot the completed joint in terms of thermal expausion,

heat conductivity, and thermal histerg of the assembled components.

Van Der Beck(39) in 1959 and Larsen(“0) in 1961 laid down some general rules
for the desigr of ceramic-to-metal joints. These three refeivences combined
with a review of the stress-strain relationships in glass-to-metal seals as

set forth by Hull and Berger(#1) and Monack(42) will provide some background
for the design of ceracic-to-metal joints.,

In the area of more specific design information, several
investigations are worthy of note as examples of the scientific approach tc
proper design, Cole and Inge(43) predicted stresses in a ceramic-to-metal
brazed joint from theoretical considerations and, in a continuation study,
Inge an Swanson(44) devised a method of experimental verification of the
stresses., Wilson aad Long,(45) in establishing design parameters for the
mec:;anical attachment of ceramic radomes, substituted annealed glass for the
ceramic member in study systems and by photoelastic inspection of the strairs
set up under loading conditionms, arr%ved at designs which induced the lowest
stress concentrations. Lee and Lelo'46,47) investigated the problem of
excessive thermal stresses developed in the junction of a refractory metal
disc sealed to an alumina cylinder. By mathematical analysis they were able
to reduce the resulting shearing stresses to one-fifth of the original amount
with modified joint configurations. Much more of such iavestigative and
analytical work can profitably be initiated in the area of proper design of
_eramic-te~metal joining.

2.2 Materials
3.2.1 Ceramics

The raw materials for ceramic products have historically
been impure, crude, and inexpensive. The clays and sands, the limestones
and feldspars traditionally used ares available in quantity, widely distrib-
uted and easily obtainable, To assure a degree of property consistency,
clays were mined from guarded secret areas or secret minerals were added to
the raw materials batch. Thus, the early history of ceramics resulted in a
technology based on impure materials, proprietary knowledge, and traditiom.

This philosophy existed to some extent in the period when

ceramic-to-metal joining had its beginuing. it has only slowly given way
o the proven advantages and needs for pure, counsistent materials and

13
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meaningful, reproducible properiy data. The ceramic formulations used by
Pulfrich and Magner(l) in the 1930's were compounded of major percertages of
kaolin (china clay) and soapstone with the resultant loss of property control
because of composition inconsistency. Pulfrich(48)described the tests neces-
sary to assure an acceptable bcdy as follows:

"....the (quantitative) analysis gives an approximate picture
of che suitability o~ the raw material. In order to ascertain
an exact survey of the suitability of the raw material it is
necessary in each case to prepare a trial sample, compress it
into ceramic bodies and bake them. A few of these specimens
are metallized and soldered in oraer to test the adhesive
strength; others are tested for bonding strength, for their
electrical properties sucir as insulating and dielectric con-
stant and loss factors, It is only after these tests that the
suitability of a given raw material can be dacided upon."

After the success of the Telefunken ceramic-to-metal tubes
was disclosed in this country, several investigative studies were initiated
to duplicate or improve the process. The available bodiecs were the forster-
ites and steatites which proved to have poor thermal shock resistance. In
the early 1950's, the high alumina compositions which had been developed
during World War II for spark plug bodies were substituted as the ceramic
members, The resulting assembiies were found to have far superior thermal
chock resistance.

The alumina bodies that were vtilized in ceramic-to-metal
juints ten years ago were poorly defined in terms of today's purity levels,
Hynes 49) reviewed the requirements, fabrication and control of alumina
bodies in 1956 and noted the foilowiug concerning the additives which were
incorporated into the alumina todies at that time:

"Review of the existing literature, particularly that
pertazining to spark plugs, indicates that a great variety
of materials have beew added with alumine in body formi-
lation, Some cf these ave waterials of the sillimanite
group, various kinds of ciay, calcs and other silica
bearing minerals, alkaline earth oxides, phosphates,
oxides of chromium, zirconium, titanium and a hkost of
other metallic oxides."

"Ceramic-metal seal bodies generally may be classed as
glass-bonded alumina bodies, Thus added to silica are
suf{ficient alkaline earth materials to give a viscous
glass phase. In additioun, materials may be added to
control grain growth."

The recent trend has been toward fundamental improvements

in ceramic bodies, The severe environments of the space age have nurtured
a need for more reliable materials, optimization of properties, and basic

14
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information on material capabilities. The increased need for gredter reli-
ability of space electronics has added emphasis to the program for improve-
ment. The investigations of Cole and Sommer,(30) of Floyd§51,52) and Reed,
et al(53 have made it apparent that the effects of the minor ingradients are
not of only minor importance. The fluxing constituents, the firing history
of the body, the metallizing compositions and sintering phase, and recrystal-
lization processes must be investigated. The effects of these parameters
have made it apparent that the manufacture of ceramic bodies requires close
control at every step, from the analysis of the raw materials to the final
finishea product tests, Clays, soapstones aué¢ other minerals are being
replaced by pure chemicals in the batches. 4 Firing schedules are being
programmed and kiins are being instrumented to a greater degree to assure
the proper grain size and crystal shape of the finished body. Amount and
homogeneity of glassy phase is being coantrolled and voids are decreasing in
size and number.

New materials are being investigated and new bodies are
being produced that can find application as ceramic-metal joints for space,
electronics and industrial uses., Carbides. nitrides, sulfides, and borides
have joined the oxides for refractory applicatiouns. 5 The properties of
most of the compounds in these groups have not been extensively examined,
Nevertheless, it is known that among these ceramics are materials with the
highest known melting points, (well in excess of one hundred different
ceramics melt above 2000°C). Many retain useable strength at high tempera-
tures and many are oxidation resistant for possible use in high temperature
ceramic-metal assemblies. The unique electrical, thermal, and mechanical
properties of boron nitride are of such attraction that several investi-
gacive pfggeggssy?ve been initiated to explore its manufacture and appl%- -
cations. 3%~ Silicon carbide, which in the past has been used primarily
as grinding and cutting grains and as resistance heating elements, is gairing
new prominence in satellite heat shields and for microwave attenuation.

The rare earth oxides have been produced in high purity bodies and exhibit
many desirable properties such as refractoriness, chemical stability, good
electrical resistance, low thermal expansion, and resistance to nuclear
radiation effects. Their present high cost can be expected to decrease
with improved production techniques so that economic use can be achieved in
ceramic-metal components. The combination of high electrical resistivity,
high thermal conductivity, chemical stability and refractoriness of high
purity beryllia have established it as a competitor to the high alumina
ceramics in some ceramic-to-metal applications.(ss) The properties of
stabilized zirconia, which has good thermal shock resistance and melts above
2500°C are being studied for high-temperature joint applications.(59

For most ceramic materials, a concentrated effort is required
in the more precise reporting of manufacturers' property data. At the present
time, a committee of fabricators end users is working through the American
Society for Testing and Msterials to provide a uniform, expanded specification
for ceramics. Still, in the field of ceramic-to-metal joining, the technology
continues to advance at a far faster pace than the science because proprietary
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methods and material formulations persist. Reed(60) noted the following
effects of this philosophy at the beginning of an extensive study of the
basic mechanisms of adherence ia ceramic-metal seals and the problems
connected with the use of ceramic-to-metal seals in electron tubes:

"In any basic program it is desirable to obtain as full
an understanding of the materials and processes used as
possible. This is not feasible with commercial ceramics
due to proprietary materials and processes, This casts
no reflection on a particular ceramic supplier. The
industry at this time guards its formulations and pro-
cesses with great care."

Lynch and Krochmal (61) noted that what they term the ceramic
'science’ has only recently and not too seriously become concerned with
impurity levels of ceramic materials and they find it not surprising that
this ceramic 'science' is at least a generation behind that of metals.

Frequent references to the lack or inadequacy of ceramic
property data are made in the literature. Shook(62) states that it has
long been recognized that the available data on the mechanical properties
of brittle materials are far from adequate for most critical design purposes.
McKellar,(63) writing on Material Properties Affecting Thermal Design in
the Space Materials Haudbook, commented that thermophysical property data
are either unavailable or questionable for many ceramic materials. Chapin(64)
found that the amount of radi-tion effects information on ceramic tube
envelopes was not sufficient for a reliable comparison between ceramics
and glass. ’

As an attempt to overcome these deficiencies, a Mecharnical
Property Survey of Refractory Nonmetallic Crystalline Materials and Inter-

metallic Compcunds'®?) was published and was updated and revised in 1964

under the title of Refractory Ceramics for Aerospace.(b6) The limitations
of the existing data were recognized in the revised work:

"Despite the large amcuunt oi published ceramic property
data, there are relatively few data available of the
type and quality required for design. This results
from a lack of extensive testing of s given eceramic
and also from the sensitivity of the properties of
ceramics to fabrication and test techniques, so that
comparisons of data from various sources are difficult,
These difficulties are intensified when the design
engineer is not familiar with ceramic technology."

",..Because the quality of much of the data presently
available is open to guestion it is unrealistic at this
time to consider the preparation of an actual design
handbook. "
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The proparty data presented in the Refractory Ceramics for
Aerospace and collicted by the Electronic Properties Information Center(67;
and the Ceramics and Graphite Information Center(68) should logically be
compiled as a2 ceramics handbook. The expansion of the services of these
two agencias to provide more current information and to report the results
of current research and development in the ceramic field is desirable.
Greater publicity on their existence and function, and the amount and avaii-
ability of the data which they are collecting is needed,

3.2.2 Metals

In general, it can be said that metals, whether elemental
or alloyed, can be produced in higher purity with more uuiformity of prop-
ert.ies, to give a more reliable product than ceramics. Property data is
more complete and more readily available for metals than for ceramics.
This situation is the logical result of long standing demand and need in
the fields of metal use as compared to the relatively unew requirements for
ultra-pure ceramic materials.

Physical progertg data of metals and alloys have been tabu-
lates in several references(99:70571) and volumes have been written on the
properties of the individual metallic elements and their principal alloys.
Typical metal data which is of interest to the designer of a ceramic-to-
metal joint includes:

Coefficient of thermal expansion froom temperature to joining
temperature) .

Chemical reactivity in high temperature gaseous atmospheres.

Thermal conductivity.

ﬁ@&ﬁﬂ

Ductility (room temperature to use temperature).

Melting point and phase relations with braze metals.,

i

Mechanical strength (room temperature to use temperature),

R

i
Ly’

¥

Magnetic properties, including Curie poiunt.

i

il
3

= Nuclear radiation effects.

i

A
i

5

Cryogenic temperaturz effects.

:
=1
3

=3

i

'

Vapor pressure at use and brazing temperatures,

Such data are generally available in handbocks or as data
sheets supplied by metal fabiicators. Notable exceptiouns to this are high
temperature thermal expansion and mechanical strengtk. Values above 1000°C
are usually obtained by extrapolation.
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The Defense Metals Information Center{’2) ig engaged in the
collection, compilation, and dissemination of basic data and up-to-date
information on metal properties and the results of curreant metals research,
The periodic reports and memoranda on metal properties, fabricating and
processing metho.s, and industrial surveys are supplemented by periodically
issued aews sheets which review receut developments in the metals industries.
The repotf¥s of DMIC are available to Goverument agencies, Government con-
tractors, subcontractors, and their suppliers on a no-charge basis and to
others fecr a nominal fee from the Clearinghouse for Federal Scientific and
Technical Inforuwation, U.S. Department of Commerce.

Although the dissemination of information for metals has
been more thorough than for ceramics, many needs exist for improved properties
of metals, especially in respect to ceramic-metal joining and applications.
An increase in high temperature (above 1000°C) strength and greater oxidatioa
resistance is being investigated for aerospace and missile re-entry appli-
cations. Less is known of the need for oxidation resistance of metals for
electronic applications. Higher bzke-out temperatures for microwave tubcs
will increase the service lite by lessening the possibility of tube outgassing
during use. The present method of high temperature processing made possible
with ceramic-to-metal vacuum seals requires a neutral or reducing atmosphere
for periods of forty~-eight hours and longer. Competitive pricing often pre-
cludes the eguipment and gas consumption necessary for this step, with the
result that the higher outgassing temperatures are not used. Oxidation resis-
tance fer tube materiais: copper, nickel, molybdenum, and the nickel-iron
alloys in the 700-900°C range is needed by the electron tube industry.
Periodically, the need arises for a low cost, easily formable metal which
is non-magnetic and has a coefficient of thermal expansion in the range of
7.0 £0 8.0 x 1070 inches per inch per degree centigrade. The need for a
non-magnetic sealing alloy, inect to 30 to 40 percent potassium hy?;gyide at
50°C has been expressed in a cadmium-siiver oxide battery project.

3.2.3 Accessory Materials

In addition to the structural ceramic and metal components
which are joined, accessory materials are usvally necessary to effect the
joiat. In many of the more common ceramic-to-metal joining mettods, the
ceramic surface to be joined is first metallized with a metal-containing
slurry, solution or vapor. Such a metallized layer is usually plated to
provide a surface which is more easily joined to the metal part by a sub-
sequent metai-metal joining operation such as brazing or soldering.

3.2.3.1 Metallizing

Metallizing slurries containing metal powder, a
binder and a vehicle are painted, sprayed or in some other manner evenly
deposited on the ceramic anc¢ then dried and sintered. The formulation of
metallizing mixtures is the least sci._ntific step is the ceramic-to-metal
joining process. The composition of metallizing mixtures and the processing
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of slurries is usually considered of a proprietary nature. Cole, et al(50)
listed and tested approximately two hundred metallizing compositions. Unfor-
tunately, however, the scope of the work limited the number and the detail of
evalvation tests on each formulation. Scme attempt was made to categorize
the various compositions but a detailed explanation of the functicn of each
component was lacking. The metallizing of oxide ceramics has been the subject
cf a comprehensive study by Reed, et al.(74,75) The process has been treated
from both a practical and a theoretical viewpoint and has been reported in
detailed chronological order, beginning with the functions of the metallizing
suspension components and following each step of the process in detail to an
examination of the effects of various braze materisls on the adherent metal
layer,

The proper preparation of metallizing slurries is
a complicated task which requires specialized knowledge of ccemminution
mechanisms, the characteristics of sols, gels, slurries and dispersions and
an ample background in the chemical and physical properties of organic
vehicles. This specialized knowledge and the proper equipment is usually
not readily available to the average ceramic-to-metal joining group. That
usable metallizing mixtures can be produced with only a part of the special-
ized knowledge and equipment attests to the fact that most of these systems
are not greatly sensitive to minor variations for many applications. For
those critical applications in which the last measure of strength and reli-
ability is necessary, it is possible to_ purchase manufactured metallizing
slurries. Prepared decals and tapes(76 are available in standard or special-
ized formulations, It is also possible to have mixtures of metal powders
milled and combined with the proper organic vehicles on a commercial service
basis.

Two newer techniques for metallizing which Jo not
use metal in powder form are solution metallizing aund vapor deposition.
Both of these methods can produce a metal coatiung on all surfaces of the
ceramic unless certain areas are previously masked. Lithium molybdate
dissolved in water was first used for solution metallizing(27) but it has
been shown that a number of refractory metal compounds in a variety of
solvents can be successfully employed. 29)  All of these compounds disso-
ciate at a relatively low temperature and leave an adherent metal layer on
the ceranrc., Vapor deposited coatings, on the other hand, can be achieved
by using either metal compounds or pure metal. In the case of the metal
compound, dissociation must take place on the surface of ceramic producing
an adherent film of metal, whereas metal is Jeposited directly by vaporizing
the required metal adjacent to the ceramic surface. A wide variety of metals
can be deposited by this method but the evaporating and condensing conditions
must be controlled for each system. Both sclution metailizing and vapor
deposicion are sometimes followed by a grinding operation to remove metal
from unwanted areas prior to plating or joining.
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3.2.3.2 Platings and Coatings

Because the metallizing layer usually contains high
concentrations of materials which are difficult to wet during conventional
brazing or soldering, a metal plating, usually nickel or copper, is first
applied to the metallized surface of the ceramic. The application of the
plated layer is sometimes preceded by a brushing, buffing, or tumbling
operation which serves to pelish the metal surface and remove any gross cou-
tamination caused by the metallizing step. The plating can be applied by
electrodeposition techniques. Johnson and Cheatham have detailed typical
electroplating procedures and recommended electroplating bath compositions
as an appendix to a Manual of Metal-to-Ceramic Sealing Techniques.(77)
Coatings can also be applied non-electrolytically by painting, spraying, or
screening fine-mesh metal powders onto the metallized surface. Nickel oxide
or nickel powders are usually employed because they are obtainable in very
fine particle sizes. The coatings are sintered to improve the metal-to-metal
bonds and to outgas the exposed metal layer.

3.2.3.3 Braze Materials

A listing of braze materials, their flow and
melting temperatures, pertinent notes on applications, alloy compositions,
and suppliers has_been published in Kohl's 'Materiais and Techniques for
Electron Tubes."(78) Recent investigations(79,80,81,82) in this field have
added materials which should be included in a revised listing. OCther property
data such as thermal expaunsion of braze alloys is difficult to obtairn.
Although the effects of expansion coefficient and ductility are often con-
sidered minor because of the layer thinness, the frequency of joint failures
(9,83) caused by braze rupture attest that this information is important,
and should be more thoroughly reported in the literature.

Braze materials can be purchased in several gradas
of purity. The utilization of vacuum tube grade is imperative if high vapor
pressure metals, present in technical grade materials, will be detrimental to
the application of the joint in the completed system. The more commonly used
braze materials may be purchased cff the shelf as carefully dimensioned riungs,
shims, and washers and also as a cladding on various metal substrates., 27

The braze materials used in active-metal brazing
are available in a variety of forms. Pre-alloyed braze components can be
purchased, for example, as wire, foil or powder which contain controlled
amounts of titanium or zirconium additives. Similarly, braze clad active
metals can be purchased where the amount of core material in the wire, foil
or powder 1s specified,

3.2.4 Materials Considerations for the Future

The traditional coucepts that certain amounts of impurities
are a requirement for the fabrication of a reliable ceramic body, which were
accepted in the early days of the joining industry, must be modified to gain
wider acceptance and confidence for ceramic-to-metal joints. It was not
until recently, under the pressure of aerospace requirements, that ceramic-
to-metal joints were investigated, fabricated, and used with the care required
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for a2 brittle material. 1In view of the fact that ceramics are a brittle
material, the most pressing need today is the measurement, collection and
publication of reliable property data. The dissemination of these data in
handbook form, such that seal designers, producers, and users can use effec-
tively, will pnrovide the basic information which is needed for creative
advances.

Materials problems of metals, specifically in relation to
ceramic-to-metal joining, have not been as serious as ticse of ceramics.
Although some metals are described as lacking ductility, their brittleness
does not approach that of ceramics. For this reason and becaus2 the need
for pure metals far predated the newly emergent need for purity in ceramic
materials, information on metals properties is more available and more reli-
able than that of ceramics. However, improvement in properties is still
needed to extend the applications of metals, especially where there is a
requirement for high temperature strength and oxidation resistance.

A ceramic-metal assembly must be considered as a package from a materials
standpoint. A weakness in any one component, whether a major part or an
accessory material will be detrimental to the assembly as a whole, Any im-
provement in joining techniques related to materials will reflect an improve-
ment in the materials and the assembly. The attainment of greater reliability
in ceramic-to-metal joints will be hastened with the availability of reliable
property data on all the components and their interrelation in the whole seal
as surely as it is being hindered by this lack of information today.
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4. Equipment

The early history of the ceramic-to-metal joining industry was typified
by the utilization, with adaptation and modification, of the existing equip-
ment which was used by chemical laboratories, machine shops, metal prccessing
operations, material handling groups, and other areas. Assuming thet the
joining process starts with shaped ceramic and metal parts, there is still
very little unique ceramic-to-metal joining equipment per se. (See Table 2)
If, as is quite often the case, the ceramic-to-metal a~sembly is being pro-
duced to supply in-house requirements for a larger assembly, the more elabe-
rate and expensive units of equipment will be shared with other disciplines,
Chemical cleaning and plating facilities which serve the whole operation will
be utilized for ceramic processing., The metal brightening, outgassing, aad
annealing furnaces will be used for sintering the metallized and plated
ceramics. Conventional ball mills will be operated with a charge of metal-
lizing slurry. Standard brazing furnaces will be used universally for metal-
to-metal joints or ceramic-to-metal counterparts.

Although the system of adaption or sharing 1s economical as far as capital
equipment outlay is concerned, there are certain inherent dangers., Experieace
in cleaning, plating, and atmosphere firing of metal parts cannou be zutomati-
cally applied to the brittle ceramic materials. Consideration of the effects
of heat shock and mechanical strength of the non-metals is of first level
importance, particularly when the completed joint is being processed. Utili-
zation of equipment which is inadequate for the application can be expzctad
to result in a substandard product or an overextension of the capabilities
of the apparatus. For example, attempts tc use an atmosphere furnace designed
for 1250°C operation to sinter a metallizing layer which requires a 1450°C
temperature will obviously result in underfiring of the coated layer or dras-
tically shortening the life ¢ € the furnace. With dual purpcse shariag of
facilities, cross-contamination is an ever-present possibility. Sowe c¢f the
adaptations and modifications have been applied with considerable ingenuity;
others with insufficient forethought. As a general rule, attempts ar automa-
tion and specialized equipment have been limited to one-of-a-kind laber saving
devices which are built with in-house facilities to guard against duplication.

The vacuum or atmosphere furnaces represent che largest capital expendi-
ture for a ceramic-metal joining group. It is only recently that atmosphere
furnaces have been designed and advertised as ceramic metallizing furrnaces,
Designs have, in most cases, emphasized proper peak temperatures and con-
trolled preheating and cooling sections. Exemplifying this, a U-shaped
furnace has been designed and operated with two intermediate temperature
range legs in which nickel coat sintering and brazing can be accomplished,
and a high temperature base section in which metallize sintering is effected.
The leg portions also act as preheat and cooling sections for the high
temperature operation.

The area in which automation has begen applied to the greatest extent has
been in the application of metallizing coatings. Dip coating machines
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TABLE 2

TYPICAL EQUIPMENT REQUIRED FOR CERAMIC-TO-METAL JOINING

INCOMING INSPECTION EQUIPMENT

A, Physical Testing
(1) Shape and size
(2) Density
(3) Thermal expansion and conductivity
(4) Visual - macroscopic, dye check; microscopic, structure
B, Chemical Analysis
C. Mechanical Testing
(1) Strength
(2) Harduness
(3) Ductility
D. Electrical Testing
(1) Resistance
(2) Dielectric strength

MATERIAL PREPARATION EQUIPMENT
A, Ceramic and Metal

(1) Degreasing

(2) Cleaning - chemical, ultrasonic

(3) Prefiring - medium temperature, air or reducing atmosphere
B, Metallizing Slurries

(1) Analyzing particle size

(2) Comminution - ball or rod mill

(3) Mixing - mechanical, magnetic

(4) Measuring viscosity

COATING EQUIPMENT

A, Metallizing

(1) Applying - brush, spray, silk screen

(2) Drying - low temperature

(3) Sintering - high temperature, slightly oxidizing atmosphere
B. Finishing

(1) Buffing, tumbling

(2) Plating - containers, baths: strike, plate, rinse

(3) Sintering - medium temperature, reducing atmosphere

JOINING EQUIPMENT

A, Assembling
(1) Jigging and fixturing
{2) Automatic handling
B. Firing - medium temperature, reducing atmosphere

OUTGOING INSPECTION EQUIPMENT

A. Destcuctive - similar to incoming; inspection depending on application
B. Nondestructive

(1) Leak detection

(2) ZX-ray and ultrasonic inspection
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for uniformly coating all exposed areas of the ceramic, adaptations of silk
screen processes, printing presses and decal transfer mechanisms are in use
and a metallizing-tape application machine has recently been developed.

Ceramic-to~metal joining equipment has, therefore, been typified by direct
utilization of the apparatus and machinery of other disciplines with modifi-
cations to fit the requirements of the new processes. Little attempt has
been made to view ceramic-to-metal joining equipment as a new field which
requires new machinery decigned solely and uniquely for the function it will
serve, Rather, the processes involved in permanently attaching a metal member
to a crystalline ceramic piece have been viewed as an extension of the art
of metal-to-metal joining or glass-to-metal joilning and as such, the use of
the equipment which was developed for these parent areas has iun general been
considered sufficient when adapted and modified to the new needs. As a matter
of economics, however, it is doubtful that extensive development of distinc-
tive equipment for the manufacture of ceramic-to-metal assemblies can be
justified in the near future.
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5. Test Methods

5.1 Purpose of Testiag

There are two general areas into which the purpese of testing can
be aligned: the generation of basic property data and the comparison of
quality. For the generation of basic property data, testing must be continu-
ally oriented toward absolute values., Quality can be compared against a pre-
established set of goals (specifications) or between individual products,
whether of the same model, different models, or different concepts. Tests
for a comparison of quality do not require the precision that is attendant
with basic property data investigations. The conditions of tests for quality
acceptance are detailed within limits by written specifications which also
set the end point limits. Such limits are usually in the nature of minimum
and maximum. A comparison between individual products usually results in an
approximation of per cent better.

5.2 Methods of Testing Ceramic-to-Metal Joints

Procedures for testing ceramic-to-metal joints are largely adapta-
tions of methods used to test the properties of the individual materials
where such methods are applicable. Some procedures have been borrowed from
the metallurgical discipline. Very little standardization is in effect,
industry-wise, in spite of recognized need and the efforts of such organi-
zations as the American Society for Testing and Materials. In this report,
therefore, no attempt will be made to describe individual testing methods
in detail, Minor variations will be grouped under the applicable procedures.
Mechanical strength testing has been separated into sub-groups but this is
no assurance that a described tensile test, for instance, will produce a
figure of nearly pure teusicn, unaffected by substantial torsional, compres-
sive, or shear influences. In some cases, the complexity of the forces
acting on a joint during test make the selection of the proper grouping a
difficult task.

5,2.1, Mechanical Tests

5.2.1.1 Tensile Strength

Tensile tests measure the resistance to pulling
apart where opposite forces are applied perpendicular to the braze face in
a direction away from the braze area. The tz=st can be performed in a variety
of ways. Direct, opposing forces can be applied,(91) the one componont (in
the form of a cap) can be pushed off the other component (as a cylinder) by
mechanical or fluid pressure, 29,92) or fluid pressure can be applied to the
inside of a hollow sphere which is made up of two hemispheres brazed together.(93)

The ASTM tensile test(gl) is the most widely used
test for measuring mechanical strength of ceramic-metal joints, The test is
performed by metallizing and brazing together two pieces of ceramic of a
specified size and shape (see Fig. 1), and subjecting the assembly to opposite
forces in n direction perpendicular to the braze interface. It has found
enough acceptance that it can be referred to as the unofficial standard of

2

W




Parallel to =0.003"
=0.976 mm <\

A

' Grind Face =
Flat to 0.00025” S
- 0.0064 mm S E °
88
=1
, i :
l /- "rl ,/
—
(] 4
q 128
s 8% 48 \
Sg fg 8Y - —
iney NE NP
=R =2 Es
'l"” i U N

sy

0.125" R
317 mm
A— SEAL SURFACE AREA TO BE METALIZED.
B — SURFACE INSCRIBED WiTH DATE AS TO CERAMIC ~{0412" e
BATCH & FIRING TEMPERATURE. 10.43 mm
C.— GRIPPING SHOULDER e 0.562" REF.—>
14.27 mm

Figure 1. — Tensile Test Piece.




the industry. It is used for inter-industry comparisons of quaiity and intra-
department tests of new processes and material comparisons. As such, very
little data are published; nearly all the comparisons or disclosures of
strength Jata are verbally given duriug discussions of papers presented at
technical meetings and sympcsia. The consencsus of opinion (again mostly
verbal and not publis edg is that the ASTM tensile test needs much improvz-
ment. Johnson, et al noted the possibility of residual error from this
test merthod as follows:

"The results of the experiments were masked to a large
extent by residuel error caused by uncontrolled and/or
1y known variables. The ASIM test vehicle employed in
£l -. program was appareatly the source of the variable."

Shovlder breaks in the ceramic test piece are reported in many cases.(29’32)
This condition is somctimes referred to as an indication that the seal was
stronger than the caramic.(95,96) o mention is made of the possibility of
gripping devices ar wisalignment causing localized stress areas at the point
of break., Proper alignment, either during the brazing of the test nalves or
during the tensile test procedure is virtually impossible to attain. The
relatively high cost of the test pieces discourages their vse for mass tests
ir numbers that wouli pcoduce a level of statistical confidence. Since the
shape of the test piese is specified, the method cannot be used for direct
quality control cf production processes,

5.2.1.2 Pesl Strength

A roel test(97) is performed by mechanically
strioping the metal member {row the cvramic. This test is performed by
pulling a tabbed metal strip frowm the surface of a ceramic plate or from the
outside diameter of 8 ceramic .ylinder to which it has beer brazed.

Peel tetis have found favor in production qualicy
testing. The method is easily adaptable to production shapes, requiring only
a plane surface to vwhich a metal si<ip can be joined and later stripped away.
The force required to peel the metss strip can be measured with a fair degree
of reprcducibility by employing a spring scale. The test is frequently used
without pull force measurement by vi:wving the stripped surface and attempting
to correlate bond strength with the amcunt of ceramic which is pulled away.
The use of such a non~definitive test (or the relatad method of simply crush-
ing a seal in a bench vise and examining for adherent ceramic), often results
in faulty information. Large pieces of adherent ceramic which, by this test
are considered indications of excellent bonding, can actually be evidence of
surface flaws, too large a crystal development, excessive glassy phase, or
any of a vumber of defects in the ceramic body or of the processing steps of
manufacture of the joint.

5.2.1.3 Flexure Strength (Modulus of Rupture)

Flexure strength Js the measure of resistance to
failure when a bending moment is applied to the ~eramic-metal joinit. The
components, usually two ceramic members whose length to cross-section ratio
is large, are butt-brazed together or but